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Superoxide enhances tubuloglomerular feedback by constricting
the afferent arteriole
RUISHENG LIU, YILIN REN, JEFFREY L. GARVIN, and OSCAR A. CARRETERO
Division of Hypertension and Vascular Research, Henry Ford Hospital, Detroit, Michigan
Superoxide enhances tubuloglomerular feedback by constrict-
ing the afferent arteriole.
Background. Superoxide (O2−) has been shown to augment
tubuloglomerular feedback (TGF) both in vivo and in vitro by
scavenging nitric oxide (NO) in the macula densa (MD). We hy-
pothesized that in addition to this mechanism O2− potentiates
TGF by acting directly on the afferent arteriole (Af-Art).
Methods. Microdissected Af-Arts and adherent tubular seg-
ments containing the MD were simultaneously microperfused
in vitro, maintaining Af-Art pressure at 60 mm Hg. TGF re-
sponse was determined by measuring changes in Af-Art diam-
eter while increasing NaCl in the MD perfusate from 11/10 to
81/80 mmol/L Na/Cl.
Results. To determine whether O2− acts at the MD in the ab-
sence of MD NO, we inhibited MD nNOS with 7-nitroindazole
(7-NI) and added Tempol to the lumen. When 7-NI was added to
the MD lumen, it increased TGF from 2.3 ± 0.2 to 4.2 ± 0.2 lm
(P < 0.01). When Tempol was added to the MD lumen in the
presence of 7-NI, it had no effect on TGF. To investigate whether
O2− has any effect via the Af-Art in the absence of MD NO, we
inhibited MD nNOS with 7-NI and added Tempol to the bath
to scavenge O2− in the Af-Art. Adding Tempol to the bath with
7-NI in the MD lumen reduced TGF from 3.9 ± 0.3 to 2.8 ±
0.5 lm (P < 0.05 vs. 7-NI). To see if this effect was due to O2−
scavenging NO production by the endothelium, we repeated the
experiment in Af-Arts with damaged endothelium and found
that adding Tempol to the bath lowered TGF from 3.4 ± 0.9 to
1.2 ± 0.6 lm (P < 0.01). When catalase was added to the bath
together with Tempol, TGF response was not modified.
Conclusion. We concluded that it is O2− rather than H2O2
that enhances TGF response, both directly by constricting the
Af-Art and indirectly by scavenging NO in the MD.
Tubuloglomerular feedback (TGF) is an important
function of the kidney that helps regulate renal hemody-
namics. This mechanism operates as a negative feedback
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loop, sensing changes in the flow rate of fluids in the dis-
tal nephron by detecting flow-dependent alterations in
luminal NaCl concentration at the macula densa (MD).
Signals sent by the MD cells alter the afferent arteriole
(Af-Art) tone and renin release [1–3]. Both nitric ox-
ide (NO) and reactive oxygen species (ROS) play im-
portant roles in regulating the TGF response. NO, which
is synthesized from L-arginine by NO synthase (NOS),
has been shown to play an important role in cell com-
munication, cell defense, and cell injury [4], and is also
important for physiologic regulation of glomerular cap-
illary pressure, glomerular plasma flow, and TGF [5].
Recently, using an NO fluorescent dye under confocal
microscopy, NO concentration was measured directly in
the MD and was found to be increased during the TGF
response [6], while inhibiting neuronal NOS activity en-
hanced TGF [7]. ROS are produced endogenously un-
der normal conditions, and levels are increased during
oxidative stress. The most common ROS are hydrogen
peroxide (H2O2), hydroxyl radical (OH−) and super-
oxide (O2−) [8–10], the last two being more reactive.
Immunocytochemistry, reverse transcription-polymerase
chain reaction (RT-PCR), and fluorescence spectrom-
etry have identified all known subunits of NAD(P)H
oxidase in the rat kidney [11–13]. Although there are
several possible sites for generation of oxygen radicals in
the cortical and medullary microvasculature, NAD(P)H
oxidase appears to be one of the major sources and is ex-
pressed in both the MD and renal vessels [11]. O2− has
been shown to augment TGF both in vivo and in vitro
[14, 15]. We and others have shown that O2− enhances
TGF by scavenging NO at the MD [14, 15]. However, it
is neither clear whether O2− affects TGF in the absence
of MD and/or endothelial NO, nor whether it acts at the
MD or Af-Art under these circumstances. We hypothe-
sized that O2− activates TGF not only by scavenging NO
at the MD but also via a direct effect on the Af-Art. Tem-
pol, a stable membrane-permeant superoxide dismutase
(SOD) mimetic, was added to the tubular lumen to scav-
enge O2− in the MD, or to the bath to scavenge O2− in
the Af-Art and interstitial space. The effect of O2− on
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TGF and its relationship to NO in the MD and Af-Art
were studied.
METHODS
Isolation and microperfusion of the rabbit Af-Art
and attached macula densa
We used methods similar to those described previ-
ously to isolate and microperfuse the Af-Art and attached
MD [6, 16–18]. Briefly, young male New Zealand white
rabbits (1.5 to 2.0 kg) were anesthetized with sodium
pentobarbital (40 mg/kg i.v.) and given an injection of
heparin (500 U i.v.). The kidneys were removed and sliced
along the corticomedullary axis. Slices were placed in ice-
cold minimum essential medium (MEM; Gibco, Grand
Island, NY, USA) containing 5% bovine serum albumin
(BSA; Sigma, St. Louis, MO, USA) and dissected under a
stereomicroscope (SZH; Olympus, Tokyo, Japan) as de-
scribed previously [16, 17]. From each rabbit, a single
superficial Af-Art and its intact glomerulus were mi-
crodissected together with adherent tubular segments
consisting of portions of the thick ascending limb of the
loop of Henle, MD, and early distal tubule. Using a mi-
cropipette, the microdissected complex was transferred
to a temperature-regulated chamber mounted on an in-
verted microscope (IMT-2; Olympus) with Hoffmann
modulation. Both the Af-Art and the end of either the
distal tubule or thick ascending limb were cannulated
with an array of glass pipettes as described previously
[16–18]. Intraluminal pressure was measured by Landis’
technique, using a fine pipette introduced into the Af-Art
through the perfusion pipette. The Af-Art was perfused
with oxygenated MEM (95% O2 and 5% CO2) contain-
ing 5% BSA, and intraluminal pressure was maintained at
60 mm Hg throughout the experiment. The MD was per-
fused with physiologic saline consisting of (in mmol/L)
10 HEPES; 1.0 CaCO3; 0.5 K2HPO4; 4.0 KHCO3; 1.2
MgSO4; 5.5 glucose; 0.5 Na acetate; 0.5 Na lactate; and
either 80 (high NaCl) or 10 NaCl (low NaCl). The pH of
the solution was 7.4. The final concentration of Na/Cl in
the high-NaCl solution was 81/80 mmol/L, while that in
the low-NaCl solution was 11/10 mmol/L. The bath con-
sisted of 100 lL MEM containing 0.15% BSA, and was
exchanged continuously at a rate of 1 mL/min. Microdis-
section and cannulation were completed within 60 min-
utes at 8◦C, after which the bath was gradually warmed
to 37◦C for the rest of the experiment. Once the temper-
ature was stable, a 30-minute equilibration period was
allowed before taking any measurements. Images were
displayed at magnifications up to 1980× and recorded
with a Sony video system consisting of a camera
(DXC-755), monitor (PVM1942Q), and video recorder
(EDV-9500). The diameter of the terminal segment of
the Af-Art (the most responsive segment) was measured
with an image-analysis system (Universal Imaging, West
Chester, PA, USA).
Experimental protocols
After the 30-minute equilibration period, the MD per-
fusate was switched from low to high NaCl, and lumi-
nal diameter of the Af-Art was observed for at least
5 minutes. Additional changes in the MD perfusate are
described in the following protocols.
Effect of superoxide at the MD on TGF response
with and without nNOS inhibition
To study the effect of O2− on regulation of the TGF
response, we used Tempol in the presence of MD NO. We
first obtained a control TGF response, and then switched
the MD perfusate back to low NaCl. Tempol (10−4 mol/L)
was added to the perfusate and a second TGF response
was measured 20 minutes later.
To study the effect of O2− on regulation of the TGF
response in the absence of MD NO, we first obtained a
control TGF response, and then switched the MD per-
fusate back to low NaCl. MD nNOS was inhibited by
adding 7-nitroindazole (7-NI) to the perfusate for 20 min-
utes, and NaCl concentration at the MD was switched
to high NaCl to obtain a second TGF response. After
the perfusate was changed back to low NaCl, Tempol
(10−4 mol/L) was added to the perfusate together with
7-NI. A third TGF response was measured 20 minutes
later.
Effect of superoxide on TGF response via the Af-Art
To determine whether O2− regulates TGF response
via the Af-Art, we used the following protocols. After
obtaining a control TGF response, the MD perfusate was
switched back to low NaCl. MD nNOS was inhibited by
adding 7-NI to the perfusate for 20 minutes, and the NaCl
concentration at the MD was changed as described for the
control period to measure the second TGF response. Af-
ter the perfusate was switched back to low NaCl, Tempol
(10−4 mol/L) was added to the bath while the MD was
still being perfused with 7-NI, and a third TGF response
was measured 20 minutes later.
Effect of superoxide on TGF response after
damaging the Af-Art endothelium
To study if Tempol directly affects Af-Art smooth mus-
cle cells, we damaged the Af-Art endothelium with an-
tibody/complement as described previously [19]. Briefly,
goat anti-human F8-Rag antibody (14.29 mg/mL diluted
1:1000) plus 2% guinea pig complement was added to the
arteriole lumen for 10 minutes to damage the endothe-
lium. Then the arteriole was perfused without antibody
or complement for 20 minutes. To check the effect of the
antibody/complement, we added norepinephrine to the
bath to preconstrict the Af-Art to 50% of basal diameter.
Ten minutes later, acetylcholine was added to the lumen
at 10−6 and 10−5 mol/L for 10 minutes at each dose and
270 Liu et al: Superoxide enhances tubuloglomerular feedback
showed no vasodilator effect. MD nNOS was inhibited by
adding 7-NI to the tubule perfusate for 20 minutes. The
NaCl concentration at the MD was changed to high NaCl
to measure the first TGF response. After the perfusate
was switched back to low NaCl, Tempol (10−4 mol/L)
was added to the bath while the MD perfusate was still
being perfused with 7-NI, and a second TGF response
was measured 20 minutes later. Similar protocols were
used in control experiments except that Tempol was not
added.
Effect of hydrogen peroxide on TGF response
To study the effect of hydrogen peroxide (H2O2) on
TGF response, we used catalase to decrease accumu-
lation of H2O2. After obtaining a control TGF, the
MD perfusate was switched back to low NaCl. Tempol
(10−4 mol/L) was added to the bath and a second TGF
response was measured. Then the MD perfusate was
switched back to low NaCl and catalase (100 U/mL) was
added to the bath together with Tempol. The third TGF
response was measured 20 minutes later in the presence
of both Tempol and catalase in the Af-Art.
Time control experiments
To show stability of TGF responses over time, we ran
time control experiments. Three consecutive TGF re-
sponses were measured by two separate 20-minute per-
fusions with low-NaCl solution in the perfusate.
Chemicals
7-NI was obtained from Cayman (Ann Arbor, MI,
USA). Catalase was purchased from Oxis Research
(Portland, OR, USA). All other chemicals were obtained
from Sigma.
Statistics
Data were collected as repeated measures over time
under different conditions. We tested only the effects
of interest, using a paired t test or analysis of variance
(ANOVA) for repeated measures. When using ANOVA,
the three pair-wise comparisons were then evaluated us-
ing three paired t tests. Significance was judged as less
than 0.05 or an adjusted value using Hochberg’s method
for multiple testing. Student t test was used in one instance
to compare independent groups.
RESULTS
Effect of superoxide on TGF response
with and without nNOS inhibition
First we studied the effect of O2− on the MD with MD
NO production intact (N = 6). During the control pe-
riod, Af-Art diameter was reduced by 2.8 ± 0.5 lm (from
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Fig. 1. (A) Effect of adding Tempol to the macula densa on tubu-
loglomerular feedback (TGF) response. Tempol significantly decreased
afferent arteriole (Af-Art) vasoconstriction when NaCl concentration
in the tubule was changed from low to high. Tempol alone had no sig-
nificant effect on arteriole tone. (B) Average TGF response. Tempol
significantly inhibited TGF response. ∗P < 0.05 vs. control TGF with-
out Tempol; N = 6.
19.8 ± 1.8 to 17.0 ± 1.7 lm). When Tempol was added to
the MD perfusate, Af-Art diameter did not change sig-
nificantly (from 19.8 ± 2.0 to 20.8 ± 1.7 lm; P > 0.05).
The second TGF response in the presence of Tempol was
inhibited to 1.4 ± 0.3 lm (from 20.8 ± 1.7 to 19.4 ± 2.1
lm). The difference between the first (2.8 ± 0.5 lm) and
second TGF response (1.4 ± 0.3 lm) was significant (P <
0.05) (Fig. 1).
To study the effect of O2− on TGF response without
MD NO, we investigated the effect of Tempol on TGF
response with 7-NI in the MD perfusate. During the con-
trol period, Af-Art diameter was reduced by 2.3 ± 0.2 lm
(from 15.4 ± 0.5 to 13.1 ± 0.6 lm). After 7-NI was added
to the perfusate, TGF response increased to 4.2 ± 0.2 lm
(from 15.4 ± 0.4 to 11.2 ± 0.5 lm) (P < 0.01 vs control).
When Tempol was added to the MD perfusate together
with 7-NI, the third TGF response was 4.3 ± 0.3 lm (from
15.6 ± 0.5 to 11.3 ± 0.5 lm) (P > 0.05 vs. second TGF
response; N = 7) (Fig. 2).
Effect of superoxide on TGF response via the Af-Art
To study if O2− enhances TGF response by acting on
the Af-Art, we inhibited MD nNOS and added Tempol
to the bath. During the control period, the TGF response
was 2.0 ± 0.3 lm (from 15.4 ± 0.5 to 13.4 ± 0.5 lm).
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Fig. 2. (A) Effect of adding Tempol to the macula densa on tubu-
loglomerular feedback (TGF) response in the presence of 7-NI. 7-NI
significantly increased TGF compared with control. Adding Tempol to
the macula densa perfusate in the presence of 7-NI had no effect on
TGF compared with 7-NI alone. (B) Average TGF response. In the
presence of 7-NI and 7-NI plus Tempol at the macula densa, TGF re-
sponses were not significantly different. ∗P < 0.01 vs. control TGF;
N = 7.
After 7-NI was added to the MD perfusate, the second
TGF increased to 3.9 ± 0.3 lm (from 15.5 ± 0.8 to 11.6 ±
0.6 lm) (P < 0.01 vs. control). When Tempol was added
to the bath with 7-NI in the MD perfusate, the third TGF
response was 2.8 ± 0.5 lm (from 15.2 ± 0.5 to 12.4 ±
0.6 lm), significantly less than the second TGF response
(P < 0.05; N = 6) (Fig. 3).
Effect of superoxide on TGF response after
damaging the Af-Art endothelium
To study if O2− directly regulates TGF response in the
absence of NO, the Af-Art endothelium was damaged
with antibody/complement and MD nNOS was inhibited
with 7-NI. In the first TGF response, Af-Art diameter
was reduced by 3.4 ± 0.9 lm (from 18.2 ± 1.9 to 14.8
± 2.4 lm). After adding Tempol to the bath, the second
TGF response was inhibited to 1.2 ± 0.6 lm (from 18.8 ±
1.7 to 17.6 ± 1.8 lm). The difference was significant com-
pared with the first TGF response (P < 0.05; N = 5)
(Fig. 4). To see if this difference in TGF response was
due to O2− rather than endothelial damage or other fac-
tors, we did a control experiment without Tempol. The
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Fig. 3. (A) Effect of Tempol in the bath. 7-NI in the macula densa
significantly enhanced tubuloglomerular feedback (TGF) response. In
the presence of 7-NI, adding Tempol to the bath significantly inhibited
TGF response compared with 7-NI alone. (B) Average TGF response.
In the presence of 7-NI at the macula densa perfusate and Tempol in
the bath, the TGF response was inhibited compared with 7-NI alone.
∗P < 0.01 vs. control TGF; ∗∗P < 0.05 vs. second TGF with 7-NI alone;
N = 6.
first TGF response was 3.9 ± 0.5 lm (from 21.1 ± 1.0
to 17.2 ± 1.3 lm). The second TGF response was 4.0 ±
0.9 lm (from 20.9 ± 0.9 to 16.9 ± 1.7 lm) (P > 0.05 vs.
first TGF in control group; N = 5).
Effect of hydrogen peroxide on TGF response
To study whether the effects of Tempol on TGF re-
sponse are due to scavenging O2− or producing H2O2,
we used catalase to decrease accumulation of H2O2. The
control TGF response was 2.42 ± 0.28 lm (from 20.42 ±
1.8 to 18.00 ± 1.7 lm). When Tempol was added to the
bath without changing luminal NaCl concentration, Af-
Art diameter did not change significantly (from 19.89 ±
1.6 to 20.61 ± 1.5 lm; P > 0.05). The second TGF with
Tempol in the bath was inhibited to 1.47 ± 0.5 lm (from
20.61 ± 1.5 to 19.14 ± 1.6 lm). The difference between
the first and second TGF response was significant (P <
0.01). When catalase was added to the bath without al-
tering NaCl concentration at the MD, Af-Art diameter
did not change significantly (from 20.65 ± 1.7 to 20.95 ±
1.8 lm; P > 0.05). The third TGF in the presence of both
Tempol and catalase was 1.11 ± 0.3 lm (from 20.95 ±
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Fig. 4. (A) Effect of adding Tempol to the bath together with endothe-
lial damage and nNOS inhibition. When the endothelium was removed
by an antibody and macula densa (MD) nNOS was inhibited by 7-NI,
vessel tone did not change significantly. When Tempol was added to
the bath with 7-NI in the MD, tubuloglomerular feedback (TGF) re-
sponse was significantly inhibited compared with 7-NI alone. Tempol
alone had no significant effect on diameter. (B) Average TGF response.
When Tempol was added to the Af-Art in the presence of 7-NI at the
MD, TGF response was inhibited compared with 7-NI alone. ∗P < 0.05
vs. first TGF with 7-NI alone; N = 5.
1.8 to 19.83 ± 1.8 lm). There was no significant differ-
ence compared with the TGF response in the presence of
Tempol alone (N = 6) (Fig. 5).
Time control experiments
In time control experiments (N = 8), Af-Art diameter
was reduced by 2.49 ± 0.4 lm (from 19.05 ± 0.7 to 16.56 ±
0.5 lm) in the first TGF response. The second TGF re-
sponse was 2.36 ± 0.4 lm (from 19.21 ± 0.7 lm to 16.85 ±
0.6 lm). The third TGF response was 2.54 ± 0.5 lm (from
19.09 ± 0.7 to 16.55 ± 0.6 lm). These differences were not
significant (Fig. 6).
DISCUSSION
We found that O2− enhanced TGF response via the
MD in the presence of MD NO, and this effect was abol-
ished in the absence of MD NO when nNOS was inhibited
by 7-NI. This suggests that O2− enhances TGF response
only by scavenging NO at the MD. O2− enhanced TGF
response via the Af-Art both in the presence and absence
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Fig. 5. (A) Effect of catalase on tubuloglomerular feedback (TGF)
response. Catalase added to the bath had no effect on basal vessel
tone or TGF response compared with Tempol alone. (B) Average TGF
response. Adding Tempol to the bath significantly inhibited TGF re-
sponse. When catalase was added to the bath in the presence of Tem-
pol, TGF response did not change significantly compared with Tempol
alone. ∗P < 0.01 vs. control TGF; N = 6.
of the endothelium, suggesting that it enhances TGF
response by directly contracting the Af-Art. We also
found that catalase had no additional effect, suggesting
that it is O2− rather than H2O2 that enhances TGF re-
sponse.
We and others have recently shown that O2− enhances
TGF by scavenging NO [14, 15]. The effect of O2− has
been shown to be mediated by both direct and indirect
means [15, 20]. To see if O2− has any direct effect on TGF
response via the MD other than scavenging NO, we first
inhibited nNOS with 7-NI, then added Tempol to the MD
lumen. Tempol significantly inhibited the TGF response,
but this effect was abolished when NO production by the
MD was inhibited with 7-NI. This suggests that O2− has
no direct effect on TGF response via the MD. The effect
of O2− on TGF via the MD is probably mediated en-
tirely by scavenging NO generated from the MD. NO is
a highly diffusible gas that moves freely through tissues.
Unlike NO, O2− is not membrane-permeant and is there-
fore restricted to the compartment where it is generated.
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Fig. 6. (A) Change in afferent arteriole diameter during time con-
trol tubuloglomerular feedback (TGF) response. (B) Average TGF re-
sponse. There were no significant differences (N = 8).
In addition to scavenging NO, oxygen radical–induced
renal vasoconstriction has been found to be mediated by
direct means, such as affecting intracellular calcium con-
centrations, arachidonic acid, PGI2, and adenosine [16,
21]. We found that when Tempol was added to the bath
to scavenge O2− in the Af-Art and interstitial space, it
inhibited the TGF response without MD NO, suggest-
ing that O2− affects TGF via the Af-Art. To see if O2−
has a direct effect on the Af-Art, we used an antibody
to damage the Af-Art endothelium, which prevented en-
dothelial NO production because the response to acetyl-
choline was blocked. Adding Tempol to the bath still
significantly lowered the TGF response, indicating that
O2− affects TGF response by directly constricting the
smooth muscle cells of the Af-Art. The mechanisms of
these O2− effects on the Af-Art remain to be determined.
We did not see any significant vasodilator effect when
Tempol was added to the vessel, either in the presence or
absence of the endothelium. The reason for this might
be that O2− generation in superficial glomeruli is not
high enough to influence vascular tone, or that in our
in vitro preparation isolated arterioles have little tone.
Thus, without preconstriction by norepinephrine or some
other vasoconstrictor, vasodilatation is difficult to see [15,
22, 23]. However, it is also possible that these effects are
due to the fact that the amount of O2− generated may
not be enough to affect the basal tone. Studies and ex-
periments in vivo with preconstricted vessels have shown
that O2− has a significant effect on vessel tone. Infusion
of Tempol into the renal medullary interstitium markedly
increased medullary blood flow in the anesthetized rat,
and infusion of an inhibitor of SOD decreased medullary
blood flow [13]. Recently, it was found that Tempol di-
lates preconstricted rat outer medullary descending vasa
recta [24]. These studies suggest that, unlike the cortical
microvasculature, superoxide participates in maintaining
basal tone of the renal medullary microcirculation. The
reason for this difference might be varying O2− genera-
tion between superficial and juxtaglomerular glomeruli
[13]. Ichihara et al [25] found that Tempol elicits a va-
sodilator response in afferent arterioles of spontaneously
hypertensive rats (SHR) but not Wistar-Kyoto (WKY),
perhaps attributable to the difference in O2− generation
between strains [14]. Even though O2− had no effect on
basal Af-Art tone in the present study, it significantly
inhibited TGF response both with and without the en-
dothelium. It is possible that O2− generation is increased
during the TGF response, as with the changes in MD NO
reported recently [6]. NAD(P)H oxidase is expressed in
both the MD and renal vasculature, with markedly in-
creased expression in SHR [11]. In pathologic conditions
like hypertension, the imbalance between O2− and NO
generation might be an important factor in hemodynamic
regulation. In addition, we cannot rule out the possibil-
ity that this effect occurred via the mesangial cells, which
are important for the TGF response [26]. Even though
NAD(P)H oxidase is not expressed [11], mesangial cells
are still a potential source of O2−, possibly generated by
other enzymes [8].
In the O2− metabolism pathway O2− is converted to
H2O2 by SOD, and H2O2 is converted to H2O by cata-
lase [27–29]; thus H2O2 could accumulate in tissue when
Tempol is used. The effect of Tempol might be due to
either scavenging of O2− or production of H2O2. H2O2
is the most plentiful reactive oxygen metabolite that is
readily able to penetrate cell membranes, and it might
play a significant role in changes in vascular tone under
certain pathophysiologic conditions [30–32]. H2O2 has
been reported to contract the rat and rabbit aorta [33, 34],
rat mesenteric arteries [35], and rabbit pulmonary arter-
ies [36], while relaxing the dog middle cerebral arteries,
pig coronary arteries [37, 38], cat cerebral arterioles [39],
and rabbit mesenteric resistance arteries [32]. The mech-
anisms of H2O2’s regulatory effect have not been fully
clarified. Our results showed that O2− rather than H2O2
affected TGF response in the Af-Art. However, it is also
possible that catalase activity in the juxtaglomerular ap-
paratus was high enough to clear the H2O2 converted
from O2− by Tempol, so that the additional catalase had
no further effect on reducing H2O2 concentration.
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CONCLUSION
It is O2− rather than H2O2 that enhances TGF re-
sponse. O2− enhances TGF response both directly by
constricting the Af-Art and indirectly by scavenging NO
in the MD. Thus, O2− exerts an enhanced influence on
TGF under normal conditions. It may also act as a strong
factor under pathologic conditions associated with high
levels of O2− and impaired endothelial function.
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